Alteration in magmatic-hydrothermal systems leads to distinct changes in rock texture and mineralogy, and a strong redistribution of elements between fluid and rock. Here, we experimentally interacted andesite scoria with hyperacidic, high-sulfidation style fluids from Kawah Ijen volcano (Indonesia) at 25 and 100 °C, seeking to reproduce the textures observed in natural samples from this volcano, and to understand the element fluxes that accompany alteration. The susceptibility to alteration in the experiments is Cu-Fe-sulphide > calcic plagioclase > pyroxene > titano-magnetite > sodic plagioclase, with complete preservation of glass. Silicate minerals alter to opaline silica, and gypsum, barite and a Zr-phase precipitate. The selective alteration of the phenocryst minerals results in a preferential release of compatible elements, as the glass is the main incompatible element host. The experiments reproduce the alteration textures of the natural samples, including the preservation of glass, but the predicted compatible over incompatible element enrichment in the alteration element flux is not observed in the natural setting. This suggests that alteration at Kawah Ijen is dominated by lithologies that lack abundant glass, in particular lava flows where the glass has devitrified, despite these lava flows having a lower surface area compared to scoria.
Introduction
Water-rock interaction is a powerful mechanism for element segregation that can lead to formation of economic element enrichments by both selective leaching and residual enrichment. Igneous systems are particularly interesting in this respect as these can host large-scale hydrothermal systems with development of multiple distinct alteration zones radiating out with the temperature gradient [1, 2] . These systems are hosts to several types of major mineralisations, including porphyry and epithermal deposits [2, 3] , testifying to the efficacy of element segregation during water-rock interaction. The selective element mobilisation results in changes in the mineralogy and texture of the rock and the composition of its constituent phases [4, 5] . However, the outcome is highly sensitive to the fluid composition and system parameters including T, P, pH, S activity, and fO2, which control to solubility of elements in the fluid, the susceptibility of different minerals to alteration, and the secondary mineralogy [6, 7] . In most rock alteration settings, the fluid phase is poorly preserved, if at all, and information on the composition of the fluid needs to be determined from the chemistry of the phases that formed from it. The common incongruent dissolution of minerals during alteration and the non-attainment of equilibrium owing to kinetic factors are further complications which can make interpretation of natural alteration products ambiguous.
In this study, we experimentally investigated the textural and compositional changes in an igneous rock reacting with volcanogenic, high-sulphidation style fluid. Such fluids are highly acidic and oxidized, found in the shallow parts of magmatic systems, and are implicated in the formation of Cu-Au and Ag-Pb ore deposits [2, 3, [7] [8] [9] . High-sulphidation style fluids also occur on the surface in crater lakes and volcanogenic acid seepage [10] . Here, we investigate a porous andesite interacting with hyperacidic, high-sulphidation brine from the Kawah Ijen crater lake (Indonesia). This study was motivated by the discovery of abundant opal-rich pumice and scoria in phreato-magmatic deposits of the Kawah Ijen 1817 eruption [11] . This eruption involved interaction with, and eventual expulsion of, a hyperacidic lake with a composition similar to that found in high-sulphidation hydrothermal systems [12] . The eruption produced deposits ranging from phreatic to phreatomagmatic to magmatic [13] , with opal-rich material found in the proximal phreatic and phreatomagmatic fall deposits, lahar and mudflows. Lowenstern et al. (2018) showed that the clasts in these deposits contain pristine magmatic glass enclosing opal pseudomorphs after plagioclase and pyroxene phenocrysts [11] . This raised questions about the relative timing of alteration and magmatism and the conditions required to create the observed textures (see Lowenstern el al., 2018 [11] for more details). Here, we sought to experimentally replicate interaction between 1817 unaltered scoria and hyperacidic lake water with the aims of understanding the alteration process and resulting element fluxes, as well as any differences between the batch alteration of our experiments and the open-system alteration taking place at Kawah Ijen.
The Kawah Ijen-Banyu Pahit system
Kawah Ijen volcano is a small active stratovolcano located on the southeastern rim of the Ijen caldera complex in East Java, Indonesia (Figure 1 ). The volcano has emitted a variety of magmatic to phreatic deposits, including basaltic to dacitic lava flows and fall deposits, and pyroclastic flow and lahar deposits [13] [14] [15] [16] [17] . A 27 Mm 3 lake of hyperacidic (pH ≈ 0), warm (>35 °C), concentrated fluid (~100 g kg −1 TDS, 22 g kg −1 Cl, 64 g kg −1 SO4) occupies the volcano's summit crater [17] [18] [19] [20] [21] [22] . The volcano last erupted in 1817 in a phreato-magmatic event, with more recent activity limited to phreatic and steam explosions, and passive degassing from a fumarolic zone on the eastern lake shore [13, [23] [24] [25] [26] . Lake and deeper subsurface hyperacidic fluids emerge on the western flank of the volcano in a series of seepage springs that converge to form the Banyu Pahit river (Figure 1 ). The spring waters have a pH ≈ 0, but the pH of the river rises as it mixes with groundwater and neutral rivers, and interacts with its riverbed [14, [27] [28] [29] . Nonetheless, the river exits the caldera ca. 18 km downstream from the lake with a pH of 4.5 [28] , and is still acidic where used in irrigation on the Asambagus plain of the northeast Java coast, with detrimental effects for health and crop yields [30, 31] .
Water-rock interaction at Kawah Ijen takes place in the subsurface hydrothermal system, in and around the lake, and along the Banyu Pahit river [12, 14, 18, 20, 32] . In-situ, active alteration can be observed in the Banyu Pahit riverbed and is particularly well exposed where the river flows on a lava flow downstream of the lowermost seepage area. Progressive alteration zones are observed from unaltered lava above the water level, to greyish-purple partially altered material in the splash zone, and fully altered grey to white friable material below the water level (similar to the scoria alteration zones of Figure 1b ). The textural and compositional changes that accompany this alteration are described in detail in van Hinsberg et al., 2010 [14, 32] . In the uppermost section of the river valley (Figure 1c ), the river flows mostly on phreato-magmatic fall, lahar and mudflow deposits, including an up to 20 m thick sequence related to the 1817 eruption. The latter includes abundant dark grey scoria and beige pumice, both andesite in bulk composition. The denser scoria shows progressive alteration from the rim inward (Figure 1b ), whereas the pumice clasts are commonly altered throughout to opaline material, but with the complete preservation of glass (see Lowenstern et al., 2018 [11] for details).
Opaline silica is the dominant alteration product in all settings of Kawah Ijen alteration, and results from incongruent dissolution of the silicate minerals. Plagioclase alteration follows compositional zoning with preferential alteration of anorthite-rich (An-rich) zones, whereas pyroxene alters along fractures regardless of zoning [11, 32] . Two styles of alteration are observed for the titano-magnetite phenocrysts. Titano-magnetite grains with ülvospinel exsolution lamellae, mainly found in crystalline lavaflows show preferential dissolution of magnetite-rich domains, leaving a porous network of the ülvospinel lamellae that eventually disintegrate and form a void (Figure 4e ,f in [32] ), whereas congruent dissolution is observed for titano-magnetite grains that lack exsolution. Altered rocks from the subsurface hydrothermal system, brought to the surface in eruptions, contain precipitates of barite, cristobalite and pyrite, and veins of alunite, whereas altered samples from the lake and river contain minor jarosite and plumboan barite. Based on an in-situ alteration sequence exposed in the Banyu Pahit riverbed, van Hinsberg et al. (2010) calculated that progressive alteration leads to near-congruous transfer of the rock's elements to the fluid, leaving an opaline silica residue enriched in Pb, Sn and Sb [14] . Delmelle and Bernard (1994) calculated a similar near-complete rock leaching for the lake [18] . The alteration element release matches the changes in Banyu Pahit river water as it flows downstream and interacts with the andesite lava that forms the valley floor. However, mass balance indicates that alteration cannot be limited to the lavaflow as its incision is insufficient to match the element uptake by the river [14] . Alteration must include significant material washed into the river, in agreement with its deeply incised, steep-sided valley ( Figure 1a ). (d) . The river flows on phreatic and phreato-magmatic deposits in its uppermost valley (c) including those from the 1817 eruption, whereas it flows on an andesite lava flow further downstream in a deeply incised steep-sided valley with lahar, pyroclastic flow, mudflow and fall deposits exposed in the valley walls (a). 1817 Scoria in contact with the hyperacidic river water alter progressively from the rim of the clast inward (b), observed by a change in colour and the progressive replacement of plagioclase by glassy opal.
Materials and Methods
Experiments were conducted by interacting trimmed angular pieces of unaltered Kawah Ijen andesitic scoria (sample KV15-008), with approximate dimensions of 10 × 3 × 3 mm (551 mg 25 °C run, 646 mg 100 °C run), with 16.25 g of hyperacidic yellow-green Kawah Ijen lake water (sample KV15-002). Experiments were conducted at 25 and 100 °C (experiments WRI-25C and WRI-100C), which brackets the measured lake temperature variability of 25 to 50 °C [13] . The lake water was sampled in 2015 at the western shore of the lake (Figure 1d ), filtered on-site though a 0.45 µm disposable filter, and stored in an acid-cleaned high-density poly-ethylene (HPDE) bottle with conical cap to exclude air. The scoria is a juvenile magmatic clast erupted in 1817 and this scoria is an important component of the material in the uppermost Banyu Pahit river valley where it interacts with the spring and river waters ( Figure 1c ). The surfaces of the pieces were cleaned by grinding, and washing in nano-pure water followed by ethanol in an ultrasonic bath. Experiments were run at saturated vapour pressure in welded glass reaction vessels at room temperature and 100 °C for 42 days. Room temperature was 25 ± 5 °C during this period. The 100 °C experiment was run in a forced circulating air oven with temperature maintained to within 2 °C (monitored by a type-K thermocouple attached to one of the experiments). The vessels were gently agitated once a week to homogenize the fluid.
At the end of the experiment, the vessels were weighed and compared to their starting mass in order to verify that they had remained sealed. No mass loss was observed. The fluid was extracted with a pipette (at 95 °C for the 100 °C run) and stored in a teflon (PFA) container. Minor condensate was observed in both reactors above the fluid level. We did not manage to extract this, as we did not want to risk fragmenting the altered rock sample by the agitation needed to merge this condensate with the fluid. The condensate represents water vapour, and is therefore highly dilute compared to the experimental fluid. Its loss from the run product fluid will thus result in a small overestimation of the concentration of this fluid. The andesite was rinsed in distilled water, dried in air, sectioned through the middle, embedded in resin, and polished for imaging and analyses. The fluid samples were diluted with an ultrapure 5% HNO3 solution and analysed for major elements by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo Fisher Scientific iCAP 6500) and for trace elements by Inductively Coupled Plasma Mass Spectrometry (ICP-MS Thermo Finnigan iCAP Qc), both at McGill University (Montréal, QC, Canada). Given the extreme matrix of these fluids, ICP calibration standards were matrix-matched by addition of ICP-MS grade multi-element standards to a Banyu Pahit river sample (KV14-201) diluted to the same level as the unknowns. The starting scoria and solid run products were investigated using backscattered electron imaging and energy dispersive spectrometry (EDS) on a PhenomXL desktop scanning electron microscope (SEM) at McGill University (Montréal, QC, Canada) and by wavelength dispersive spectrometry (WDS) on a JEOL 8200 electron probe micro analyzer (EPMA) at the University of Copenhagen (Copenhagen, Denmark). Operating conditions for the EPMA were a 15kV accelerating voltage, 15 nA beam current and 5 µm defocussed beam, using natural and synthetic minerals to calibrate. Mineral and glass reference materials were analysed at regular intervals to check for drift and assess accuracy and precision. The bulk composition of the andesite scoria was determined by ICP-OES and ICP-MS on dissolved lithium-borate flux-digested rock powder and aqua-regia digested sample aliquots. The total sulphur content was determined by LECO combustion analysis on a sample split. These analyses were conducted by AcmeLabs/Bureau Veritas Minerals (analytical procedures LF200, AQ200 and TC000; Vancouver, BC, Canada).
The relative accuracy of the EPMA-WDS analyses is SiO2-0.1%, TiO2-0.2%, Al2O3-0.9%, MgO-0.7%, FeO-1.7%, CaO-2.5%, Na2O-0.3%, K2O-0.1%, SO3-45%, Cl-9%, F-43%, and 4% for P2O5, and the precision, in absolute wt%, is SiO2-0.3, TiO2-0.06, Al2O3-0.1, MgO-0.05, FeO-0.07, CaO-0.03, Na2O-0.03, K2O-0.02, SO3-0.01, Cl-0.01, F-0.06, and 0.02 for P2O5. The precision of the fluid analyses, as determined from duplicates, is better than 5% relative for the ICP-OES, except for Fe (8%) and Mg (7%) and better than 1% relative for the ICP-MS, except for Cu (2.7%), Se (2.9%), Ag (8%), Cs (1.1%), Ba (4.6%), Hf (1.1%), Ta (11%), W (10%), and Bi (1.4%). The accuracy of the andesite bulk-rock digest analysis in relative deviation, based on certified reference materials GS311-1, GS910-4, DS10, OREAS45, SO-18 and SO-19, is within 5%, except for Ta and Mo (7%), Rb, Nd, Gd and As (8%), Be (29%), and Se (80%). Bulk-rock sample heterogeneity, as determined from duplicate analyses and given in relative standard deviation, is less than 5% for Cr, Co, Cu, V, Pr, Nd, Tb, Dy, Er, Yb, Lu and Nb, less than 10% for Ni, Zn, As, Th, Ce, Eu and Ho, 15% for Ta and Pb, 20% for Mo, 28% for S, 67% for Be and Cs, and less than 2% for the major elements.
Results
The starting andesite is similar in composition to Kawah Ijen andesites reported earlier and falls on the Kawah Ijen magmatic fractionation trend [11, [14] [15] [16] . It consists of phenocrysts of plagioclase, clinopyroxene, orthopyroxene and titano-magnetite in a matrix of glass with vesicles ( Figure 2 ). Microlites are rare. Accessory apatite is common, and micron-sized, spherical Cu-Fe-S globules were observed in glass and as inclusions in titano-magnetite. The plagioclase and pyroxene phenocrysts are zoned (Figure 2b ,c), with the plagioclase showing normal, reversed, oscillatory and patchy zoning. A diversity of zoning sequences is present, suggesting multiple sources for the plagioclase phenocrysts. The contacts between phenocrysts and matrix glass are sharp and clean, and no fractures are apparent on these contacts (e.g., Figure 2c ). There is no sign of any alteration or weathering of the andesite or its constituent phases. The run products consisted of the rock fragment and a yellow-green fluid. The fluid was transparent and lacked suspended particles. The colour of the 100 °C fluid was markedly darker than that of the 25 °C and starting fluids. Small (up to mm-sized) transparent colourless needles of gypsum were present in the 100 °C experiment, and these were already observed at four weeks when the experiment was agitated during the run. We did not specifically look for precipitates during agitation, so it possible that the precipitates appeared earlier in the experimental run duration. The rock fragment showed no visual changes for the 25 °C experiment, but it was rounded, porous, lighter in colour, and friable after the 100 °C run.
An alteration zone can be recognized in the back-scattered electron images for both the 25 and 100 °C samples. This only affects the outermost rim of the 25 °C sample, whereas the 100 °C shows alteration throughout. Alteration progresses inward from the surface and outward from fractures ( Figure 3 ). The alteration textures in the 25 and 100 °C samples are similar, but better developed and more pervasive at the higher temperature. Whereas pristine phenocrysts are still abundant in the core of the 25 °C experiment, phenocrysts are altered throughout at 100 °C, although alteration intensity varies, and relics of the original mineral are still present. Alteration has therefore not gone to completion in either experiment.
Plagioclase shows preferential alteration of An-rich compositional zones, with preservation of the most albitic growth zones (Figure 3b ,c,e,h). In most cases, these An-rich zones are found in the core (e.g., Figure 3b ), but where they are present at the rim, isolated preserved albitic zones can develop (Figure 3h ). Cavities and a layered porous texture that traces original compositional zoning start to develop as plagioclase alteration progresses ( Figure 4 ). Pyroxene is altered inward from fractures, partially guided by cleavage (Figure 3f ,g) with no apparent compositional preference given that alteration cuts through concentric growth zoning. Moreover, alteration textures are identical for ortho-and clinopyroxene. The oxide phenocrysts show minimal alteration, especially at 25 °C. Where present, it consists of congruent dissolution along fractures. Glass is markedly unaffected. Boundaries between glass and fully altered plagioclase or pyroxene are razor sharp (Figures 3g,h and 4) and represent the original boundary between the phenocryst and the matrix glass. Glass inclusions are also not affected and get exposed during alteration (Figure 3g ). Rare veins of gypsum are observed as infill of altered plagioclase at 100 °C ( Figure 4 ). The sodic rim of the plagioclase is preserved, whereas the core is altered and is starting to disintegrate. Pyroxene is similarly altered to opaline silica, but alteration does not follow growth zoning. Glass in the matrix and present as inclusions is preserved. Gypsum is present as vein infill in the altered plagioclase. Abbreviations as in Figure 2 .
The compositions of minerals and glass in the starting andesite and their alteration products are given in Table 1 . Compositions of visually unaffected minerals and glass in the run products are identical to those in the starting andesite. The fluid compositions are reported in Table 2 . The fluids in both experiments have higher concentrations for most elements compared to the starting fluid with a larger difference for the 100 °C experiment. 
Discussion

Alteration Textures
The alteration textures observed in the experimental run products are nearly identical to those observed for naturally altered scoria samples from the Banyu Pahit riverbed (Figure 2d -f and [11, 32] ). In these, plagioclase alteration also commences in the An-rich zones and leaves glass inclusions and matrix glass untouched (Figure 2d ,e, see also Figure 5 in [11] ). Pyroxene alteration shows the same lack of compositional control, and alteration inward from fractures (Figure 2f , and [11, 32] ). The naturally altered samples commonly show a layered texture to the silica alteration product, which is less pronounced in the experiments. Given the lack of compositional differences between these layers [11] , these may indicate intermittent fluid access for the natural samples. Lack of exsolution lamellae in the oxide phenocrysts of the scoria starting material likely explains the absence of preferential leaching of magnetite-rich domains observed previously [32] . The alteration sequence in both the natural and experimental scoria samples is anorthite-rich plagioclase > pyroxene > albite-rich plagioclase > titano-magnetite > glass, in agreement with observations at other volcanoes [33, 34] . This order differs from that suggested by van Hinsberg et al. (2010) for a Kawah Ijen lava flow, where glass was concluded to have altered first [32] . However, the matrix glass was largely devitrified in that lava, suggesting that the alteration rock sequence studied by [32] did not provide information on the relative reactivity of glass.
Compositional Changes
The alteration product of plagioclase and pyroxene is dominantly composed of SiO2, although low totals indicate significant H2O (up to 8 wt%, Table 1 ). This H2O content is markedly lower than the up to 20 wt% measured in opaline silica from naturally altered 1817 pumice by Lowenstern et al. (2018) [11] . Sulphur, chlorine and fluorine are also enriched in the alteration product compared to igneous minerals and glass. A similar S, Cl, and F enrichment was observed by Getahun et al. (1996) for altered plagioclase and pyroxene at Augustine Volcano [5] . No intermediate compositions between original mineral and alteration product are observed, nor progressive leaching away from the contact within the spatial resolution of the EPMA, similar to earlier findings [11, 32] . However, there are consistent compositional differences between the silica alteration products formed after plagioclase and after pyroxene, with the former relatively enriched in Al, whereas the latter has higher Ti and Fe ( Table 1) .
The 25 and 100 °C run product fluids both have higher element concentrations than the starting solution ( Table 2) , and the pH has increased from 0.2 to 0.8 and 1.7, respectively. However, the increase in element abundance is not uniform as shown by the enrichment factor relative to the starting solution (Table 2, Figure 5a ). The median enrichment factors are 1.03 and 1.07 for the 25 and 100 °C experiments, respectively, with a stronger enrichment in Si, Ti, Co, Se, and Cu, and relative depletion in Ta, the LREE, As and Pb. This suggests preferential leaching of the former, and precipitation of the latter. However, the magnitude and direction of the change in fluid composition also depends on whether a given element is more abundant in the rock, or in the fluid the rock is interacting with. In the case of our experiments, this effect is not as pronounced as might be expected given that the lake derives its cation composition predominantly from alteration of igneous rocks of similar composition to the andesite used here [18, 21] . As a result, many of the elements are present at a constant ratio between andesite and fluid (Table 2, Figure 5b) , which represents the apparent water-rock ratio of the lake water [18] . The majority of elements are higher in the andesite than in the lake water, in particular Si, Ti, Zr, Hf, Ta and W. In contrast, S, As, Tl, Bi, and Pb are higher in the lake water, in agreement with these elements being derived not from rock leaching, but from magmatic gases entering the lake [21, 35] .
To account for the andesite element abundances, we have calculated the deviation in composition between that measured and that predicted assuming congruent dissolution of the rock in an amount calculated relative to mass balance for the element K ( Table 2 ). This makes the explicit assumption that K is conservative and is not a significant component of any precipitated phases. The calculation shows relative enrichments for Ti, Co, and Cu compared to congruent dissolution, and depletions in the LREE, Ta and W. Silica is strongly depleted. The strong depletion in Si results from the alteration being incongruent, leaving behind an opaline silica alteration product [11, 14, 20 ]. An incongruent dissolution element flux has been calculated for Banyu Pahit riverbed alteration of andesite lava [14] , based on an in-situ alteration sequence. When this is used instead, the Si depletion decreases strongly and a better overall agreement is obtained (Table 2, Figure 5c ). The 25 °C experiment largely shows the same pattern as the 100 °C run, but with less amplitude, suggesting that there are no significant differences in alteration processes between these temperatures.
The element pattern in Figure 5c agrees with textural observations of the alteration. Preferential alteration of An-rich plagioclase and pyroxene over albite-rich (Ab-rich) plagioclase and glass leads to stronger leaching of Al, Mg, Mn, and Fe than Na and K. The increase in Ti is unexpected because titano-magnetite appeared only minimally affected by alteration. Pyroxene is also an important Ti host (up to 1550 ppm, Table 1 ), but as will be shown below, its alteration alone cannot explain the Ti. Both Ca and S show a significant relative depletion, in agreement with the gypsum precipitates observed in the experiments. The decrease is not at a molar Ca:S ratio of 1, because Ca is also leached from plagioclase and clinopyroxene, and S is enriched in the silica alteration product. Gypsum formed from the seepage waters at Kawah Ijen is relatively enriched in the LREE compared to its formation waters [21, 36] , and gypsum precipitation is therefore also the likely explanation for their relative depletion. 
Alteration Flux
The changes in water composition for these known-duration experiments allow for alteration fluxes to be calculated. These are time-integrated values whereas the fluxes and rates will likely have varied as the experiment, and the alteration progressed (see also [14, 37] ). The calculated alteration fluxes are given in Table 2 in units of mg element released per kg starting andesite per day. The calculation of the flux per kg of andesite assumes that the rock is the limiting factor in the alteration element release, chosen here because alteration has not reached completion in either experiment. This is, moreover, also the case for natural alteration in the Banyu Pahit river valley where the high flow rates will hinder attainment of equilibrium between rock and fluid. Most elements are released into the fluid, except for Si, Ca, S, As, Zr, Hf, Th, Ta, Ba, Pb and the LREE that are sequestered into alteration product phases (Na and Rb differences are within their uncertainty). The depletion of Ca, S and the LREE is in agreement with gypsum precipitation and silica with the abundant opal, but a host for the other elements with negative fluxes was not observed. Mineral saturation indices calculated for the run product solutions with PHREEQC 2.17 and the Lawrence Livermore National Laboratory database [38] suggest that Zr, Ti, Ba and Si should precipitate, with multiple minerals, including barite, zircon, baddeleyite, rutile, anatase, amorphous silica and cristobalite at saturation. Gypsum is predicted to be just undersaturated (S.I. = −0.13). Barite precipitates at Kawah Ijen are known to be high in Pb [32] and Hf and Th would likely be incorporated into a Zr-phase given their similarity in size and/or charge. Only 1.5 µg of ZrO2 would be required to explain the change in Zr concentration, making it near impossible to detect in the alteration run product, and precipitation of a Zr-phase would thus be a viable explanation for the Zr behaviour.
The flux values are three orders of magnitude lower than those calculated for lava flow alteration in the Banyu Pahit riverbed by van Hinsberg et al. (2010) [14] , even for the higher flux at 100 °C ( Figure 6 ). This lower reactivity likely reflects the glass component of the scoria being resistant to alteration and therefore not contributing to the element flux. As will be shown below, glass makes up approximately 50 wt% of the scoria and its persistence will therefore have a significant impact on the element release. Contrary to what might be expected from its much larger exposed surface area, andesite scoria therefore alters at a slower rate than the crystalline andesite lava flow that makes up the Banyu Pahit riverbed. As discussed by [14] , the Banyu Pahit element load increases downstream from the springs, when corrected for groundwater dilution, as a result of water-rock interaction (i.e., elements continue to be leached from the riverbed, but overall element concentrations decrease owing to dilution by groundwater). Using the flux values calculated from the 25 °C experiment, approximately 4 m of scoria would need to be altered per day per meter of river along the upstream river valley to account for the observed change in river water element flux. This does not match field topography. Less material is required when the lava alteration rate is used. The change in water composition also matches the lava element flux better, especially for Cu, Co and K ( Figure 6 ), supporting that alteration of the 1817 scoria is not a strong contributor. However, as shown by [14] , the observed river incision in the lava flow is still not sufficient to account for the alteration flux recorded by the river water and an additional influx of material is required. The upper Banyu Pahit valley has steep sides (Figure 1a ) that expose a series of thin lava flows alternating with lahar and mudflows, and a poorly welded pyroclastic flow, and there is abundant evidence of rockslides and falls from these valley sides that would contribute material to the valley and the river. 
Alteration Mass Balance
The experiments were run under closed-system conditions and changes in fluid chemistry must therefore be balanced by alteration of the andesite phases and by mineral precipitation. The contributions of each phase and the amount of precipitation can be calculated by mass balance when the compositions of the phases are known.
The trace element compositions of the minerals and glass were estimated by solving for mass balance whilst relative concentrations (C) among the phases were fixed by their element distribution coefficients (D):
The modes (Xi) were calculated from least squares multiple linear regression on the mean major element compositions of the phases as determined by EPMA ( Table 1 ). The calculated mode is 49% glass, 5% clinopyroxene, 8% orthopyroxene, 4% oxide, 1.4% An40 and 32% An60 plagioclase (mean relative deviation in predicted bulk composition is 2.8%). The plagioclase compositions represent the 1st and 3rd quartile of the plagioclase analyses. The calculated modes appear reasonable when compared to images of the starting material (e.g., Figure 2a ). Partition coefficients for clino-and orthopyroxene and An40 and An60 plagioclase were determined using the systematics in element partitioning given in [39] [40] [41] [42] , using a temperature of 950 °C and 3 wt% H2O in the melt as calculated from feldspar-melt thermometry and hygrometry [43] . Titano-magnetite D-values are from [44] . Estimated mineral and melt compositions are given in Table 3 . Not all D-values can be extrapolated to the temperature and melt composition of our andesite sample, and the results are therefore only approximate, although the relative abundances among the phases agree with those measured for phenocrysts in a Kawah Ijen andesite lava [32] . The relative contributions of the andesite phases and of gypsum precipitation to the changes in fluid composition were calculated using non-negative least squares (NNLS) multiple linear regression [45] . This type of regression does not allow for negative regression coefficients, and therefore avoids negative mineral dissolution, which would be meaningless for alteration modelling. However, mineral precipitation is a valid negative contribution, and gypsum concentrations were therefore included as negative values to allow for gypsum precipitation in NNLS. This approach assumes congruent dissolution of the minerals, which does not represent reality, especially for Si. Unfortunately, the trace element composition of the silica alteration product is not known and cannot be estimated for lack of silica-fluid partition coefficients. Only its major element composition was therefore included. To account for the lack of trace element data for the silica alteration product, as well as the estimated nature of these data for the andesite phases, the major elements were given a relative weight of 10 compared to the trace elements in the NNLS regression. The elements that are predicted to go into precipitated phases (Zr, Hf, Ba, Ti) are poorly reproduced in the NNLS regression, as they should be, and were excluded.
The mass-balance approach predicts no contributions from glass, orthopyroxene or An40 at 25 °C, 8 mg of gypsum precipitation and dissolution of 10 mg of An60, 5 mg of clinopyroxene and 1 mg of magnetite. This agrees with the preservation of glass, but no gypsum precipitates were observed, although they could have been overlooked at this small amount. The Cu concentration is not reproduced and is a factor of 9 too high, suggesting that Cu has a different source. There is also an overall small enrichment in the elements compared to the starting solution. This enrichment does not appear to be linked to a specific phase, given that the REE pattern is parallel to that of the starting solution. We rather attribute it to extraction of water from the fluid by hydration resulting in concentrating the solution, although the loss of vapour condensate will also have an impact (see the Results section). The effect of fluid concentration by rock hydration is likely to take place in the natural setting as well, and will in fact be more pronounced given that the natural opaline silica has up to 20 wt% water [11] . As shown by Lowenstern et al. (2018) [11] , part of this water is present as OH, and the formation of opaline silica will thus also increase the pH of the fluid. Gypsum precipitation is predicted at 100 °C (114 mg), together with dissolution of 58 mg of An60, 12 mg of clinopyroxene, 15 mg of orthopyroxene and 16 mg of magnetite. Glass and An40 are predicted not to contribute to the fluid. This agrees with the gypsum precipitates that are present and observations in the altered rock fragment where glass is preserved, plagioclase is altered more than pyroxene and there is a strong preferential alteration of more An-rich plagioclase zones (Figure 3 ). It also fits the more extensive interaction observed at 100 °C compared to 25 °C. Magnetite dissolution is required to satisfy the change in Fe-content, but overestimates the change in Ti. This could reflect incongruent magnetite dissolution as has been documented for altered rocks in the Banyu Pahit riverbed [32] . However, this texture was not observed in the experimental run products, where oxide alteration appears to be congruous along fractures (Figure 3 ). Titanium precipitation may subsequently take place elsewhere, because Ti is predicted to be at rutile and anatase saturation. Similar to the 25 °C experiment, Cu is not reproduced. Moreover, Zr, Hf, Ta, and Ba are strongly retained in the altered rock, which agrees with the predicted saturation indices of a Zr-mineral and barite. The measured changes in the fluid Ca and Na contents deviate from that predicted, which probably reflects the inclusion of two discrete plagioclase compositions rather than a continuous series.
The strong release of Cu to the fluid cannot be explained by dissolution of the phenocrysts and indicates involvement of an additional phase. Cu-Fe-sulphide has been observed as spherical inclusions in magnetite phenocrysts and in the matrix glass (Figure 7) , where it appears to represent an immiscible sulphide liquid (see also [35] ). Sulphides are calculated to be unstable in the Kawah Ijen lake water (saturation index of chalcopyrite is −109), and the saturation index is predicted to decrease even further for the experiments, where the fO2 of the fluid further increases as it interacts with O2 from air in the headspace of the reaction vessel. To explain the increase in Cu, 0.25 mg of sulphide would need to be dissolved, which would represent a mode of 0.04%, which is compatible with the observed amount of sulphide globules. The Cu enrichment is approximately equal in the 25 and 100 °C experiments, indicating that the sulphide globules were leached relatively fast and that their dissolution may have gone to completion. This suggests that the sulphide is the first phase to be affected by alteration thereby releasing a pulse of Cu to the fluid early in the alteration, despite it being hosted by the two most resistant phases of the rock; oxide and glass. Exposure to the fluid must therefore have been provided by fractures. Strong variations in Cu concentration have been observed in a three-year duration (2015-2018), biweekly sampled timeseries of Banyu Pahit river water composition [46] , thereby indeed suggesting an important role for sulphides in controlling Cu concentrations during water-rock interaction at Kawah Ijen. 
Conclusions
The experimental interaction between andesite scoria and hyperacid lake waters from Kawah Ijen volcano reproduces the alteration textures observed from this water-rock interaction in the natural setting. The 25 and 100 °C experiments produce similar alteration products and textures, and differ mainly in the intensity of alteration. Silicates are altered to amorphous hydrous silica with a sub-micron transition from fresh to fully altered, and a preferential alteration of the calcic domains in plagioclase. Sulfides and oxides appear to dissolve congruently. Glass persists, giving an alteration sequence of Cu-Fe-sulphide > calcic plagioclase > pyroxene > titano-magnetite > sodic plagioclase > glass. As a result, alteration preferentially releases Cu, Ca, Al, Mg, Fe and phenocryst-compatible trace elements, whereas K and the incompatible elements, which are enriched in glass, are retained. The release of Ca during alteration saturates the experimental fluid in gypsum, and gypsum precipitates are observed both as veins in the altered scoria fragment and as idiomorphic crystals in the fluid. The LREE preference of gypsum results in a strong LREE over HREE depletion in the final fluid.
The experimental alteration flux differs from that determined for the upstream Banyu Pahit river in both quantity and elemental signature. The experimental flux is significantly lower and the compatible over incompatible element enrichment resulting from preferential phenocryst alteration is not observed. Moreover, gypsum precipitation is less pronounced than would be predicted from the experiments. Gypsum is observed in the Banyu Pahit valley around the seepage springs, but is absent further downstream. This likely results from the groundwater dilution that accompanies alteration in the Banyu Pahit river, thereby avoiding gypsum saturation. The higher alteration flux and lack of incompatible element depletion suggest that quenched glassy scoria is but a minor contributor to the alteration flux in the Banyu Pahit river, and that fully crystalline lavas, notwithstanding their lower surface area, are the dominant altered rock type. discussions on the Kawah Ijen system and a fruitful exchange of ideas. We also thank Pak Heri and Pak Parjan for help in the field, and we acknowledge the generous logistical support by CVGHM. Three reviewers provided insightful comments and suggestions that improved the final manuscript.
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